To meet the growing demand for inkjet printable nanoparticle-based conductive inks, novel synthetic approaches are needed. In this study, spherical silver nanoparticles (AgNPs) with a mean diameter of approximately 2.5 nm were synthesized by the reduction of silver nitrate using an aqueous hydrazine solution in the presence of poly(acrylic acid) as a capping agent. The main goal of this work was the implementation of cyclic voltammetry as an electrochemical method for studying both the absorption of poly(acrylic acid) on the grain surface and nanoparticle interactions. The same technique was used to determine equimolar additions of hydrazine to obtain a high yield of reduced silver. All solutions used in the experiments were prepared at a high molar concentration. Silver nanoparticle-based ink was prepared by dispersing dried nanoparticles into a mixture of water and ethylene glycol and was stable for over seven months. For a comprehensive study of the prepared nanoink, UV-visible and electronic microscopy measurements were carried out. An inkjet technology was applied to deposit conductive ink to form linear silver tracks on a flexible substrate. These tracks exhibited a resistivity of 8.0×10
INTRODUCTION
Nanoparticles have been used in many different scientific fields such as materials science, electronics, medicine and biotechnology [1] [2] [3] [4] [5] [6] [7] .
In the last decade, the silver nanoparticle literature has expanded exponentially, particularly work dealing with the development of stabilized particles suitable for inkjet printing technology. The reason is the broad applicability of such nanoparticle-based inks. Inkjet printing of AgNPs has been applied for the printing of radio-frequency identification (RFID) devices [8] , sensors [9, 10] , flexible displays [11] , flexible electronics [12] , printed batteries [13] , microelectromechanical systems (MEMS) [14] micro-optics [15] and printed memories [16] .
This technology can be adopted for printing on flexible substrates, such as plastics and paper, or for printing on solid substrates, such as glass, ceramics and metal.
Metal nanoparticles can be prepared and stabilized by chemical [17] , physical [18] and biological methods [19] [20] [21] . Although there are several different chemical methods for silver nanoparticle preparation, the predominantly used method is wet synthesis. This synthesis is based primarily on silver nitrate reduction [22, 23] by a certain reduction agent [24] [25] [26] in the presence of a capping agent [27] for grain size stabilization and homogenization.
The most frequently used reduction agents are trisodium citrate (Na 3 C 6 H 5 O 7 ) [28, 29] , ascorbic acid (C 6 H 8 O 6 ) [30] , sodium borohydride (NaBH 4 ) [31] , hydrazine (N 2 H 4 ) [32] , hydroxylamine (NH 2 OH) [33] , ethylene glycol [34] , aldehyde [35] polyols [36] and glucose [37] . The reducing agents act as electron donors and reduce the silver ions to their metal forms. The most commonly used capping agents include citrate, thiols [38, 39] , polymers such as poly(acrylic acid) [40] [41] [42] , polyvinylpyrrolidone (PVP) [43] , and poly(vinyl sulfonate) (PVS), compounds containing amino groups (NH 2 -) [44] and some surfactants [45, 46] . Some of these agents function by covering the nanograins, forming a surface protection layer to prevent agglomeration, while others cause electrostatic repulsion between the nanograins. A major drawback of most of the mentioned wet syntheses is the use of highly diluted solutions, which makes these syntheses impractical for large scale production.
In the presented study, we attempt to produce Ag nanoink for inkjet printing [47] [48] [49] [50] using concentrated solutions. The chemical reduction process that we used is based on silver nitrate reduction by hydrazine. The impact of poly(acrylic acid) used as a capping agent was studied by cyclic voltammetry. To the authors' knowledge, this is the first time this method was used to study the presence of a capping agent on silver nanoparticles. The same method was applied to determine the stoichiometric addition of hydrazine needed for total silver reduction. The properties of silver nanoparticles were tested by dynamic light scattering (DLS), transmission electron microscope (TEM) and UV-Vis measurements to determine and regulate the size distribution, zeta potentials and stability of the ink formulation during the testing period of seven months. The formulated nano-silver ink was printed on flexible plastic and paper substrates by means of an inkjet printer. In addition, to test the practical applicability of the developed ink formulation, the conductivity of the printed line shapes was determined.
EXPERIMENTAL SECTION

Materials
Silver nitrate (AgNO 3 ) was obtained from VWR Chemicals, Belgium and glacial acetic acid was obtained from BDH Prolabc, UK. Poly(acrylic acid) (PAA, M w = 1800), hydrazine hydrate (50-60 wt%), ethylene glycol (EG; anhydrous, 99.8%), and 2-amino-2-methyl-1-propanol (2-AMP) were purchased from Sigma-Aldrich (USA). Britton-Robinson (BR) buffer solutions were prepared from acetic acid (0.04 M), boric acid (0.04 M) and phosphoric acid (0.04 M), and the pH adjusted with NaOH. All chemicals used for BR buffer preparation were purchased from Kemika (Croatia). All chemicals were used as received without further purification. Deionized water was purified using a Millipore-MilliQ system. The paper substrate for printing (glossy paper, photo quality, A4 formats) was obtained from Orink (China), while the plastic substrate (Novele TM ) was obtained from Novacentrix (USA). Both substrates were precoated by a top layer to enable low temperature sintering.
Instrumentation
All electrochemical experiments were performed using an EG&G PAR (USA) Model 264A Polarographic Analyzer and EDAQ (Australia) e-corder interfaced to a personal computer for data manipulation and data acquisition. A three-electrode electrochemical cell was used with a glassy carbon (GC, d = 3 mm) disc electrode as a working electrode, Ag|AgCl||3M KCl as a reference electrode and a Pt auxiliary electrode. All the electrochemical data were measured at room temperature in a 10 mL electrochemical cell at a scan rate of 50 mV/s. Sample homogenization was performed by a classic bar stirrer.
Prior to use, the working glassy electrode was polished with alumina powder and finally rinsed with Milli-Q water.
UV-Visible measurements were performed on a Varian DMS 80 (USA) spectrophotometer. The particle size distribution measurement by dynamic light scattering method was performed with ZetaPlus (Brookhaven Instruments Corporation, USA). The same device was used for zetapotential measurements.
Rheological evaluation of the prepared silver ink was carried out using an Ostwald viscometer and Traube stalagmometer.
The surface morphology and thickness of the printed silver lines were observed with a scanning electron microscope (Bruker, Germany).
The shape and particle size was determined by a Zeiss EM 10 A transmission electron microscope (Germany).
Ink homogenization was done on a Bandelin electronic (Germany) Sonorex high power ultrasound bath.
Hydrazine addition to the reaction mixture was carried out by a Gilson Minipuls Evolution peristaltic pump fitted with an MF4 pump head (France).
A digital Multimeter 34461A, 6 ½ Digit, Truevolt DMM, Keysight (USA) was used for resistance measurement.
Synthesis of silver nanoparticles
Ag nanoparticles were synthesized using N 2 H 4 as the reducing agent and PAA as the protecting (capping) agent. The procedure can be described as follows:
(1) Silver nitrate (3.5 g) used as the Ag precursor was dissolved in 20 mL of water. To this solution, 25 mL of 1.15 M NaOH was added. The mixture was stirred for 10 minutes, and a browngray silver oxide precipitated. Next, the silver oxide precipitate was washed several times with water.
PAA was introduced as a silver capping agent to the precursor and reducing agent solutions. Both solutions were stirred vigorously for 10 minutes, before mixing them together. The molar ratio between PAA and Ag was 0.06.
Fourteen milliliters of a hydrazine-PAA mixture was subsequently added to the Ag-PAA complex solution using the peristaltic pump in cycles of 20 seconds with 2 minutes of continuous stirring intervals between two additions. To ensure that the reaction had been completed, the concentration of the unreacted silver ions was determined by cyclic voltammetry. Hydrazine solution (c = 0.383 M) was added to the reaction mixture in small amounts by pipette, until a negative response to silver was obtained. The addition of hydrazine in equimolar portions increased the production yield of silver nanoparticles. After that, silver nanoparticles were precipitated by adding acetic acid (V = 20 mL, c = 3 M) to the reaction suspension. The use of weak organic acids for AgNP precipitation is a novelty, and the precipitation usually occurs by centrifugation or by the addition of large amounts of alcohol [50] or acetone [47] . After decantation, the precipitated nanoparticles were washed 3 times by water and finally 2 times by acetone. Then, the sediment was dried overnight at 60 C and the solid dust form of the silver nanoparticles was stored at room temperature in a glass vial.
Preparation of the stable silver nanoparticle ink suspension
Silver nanoparticle-based conductive ink with a solid loading of 25 wt% was prepared from the dried particles by redispersing them into an EG solution (20% wt) with the addition of a small amount of 2-AMP to adjust the solution's pH to 10.5. To ensure that the silver nanoparticles were being homogenously dispersed in the solvent, the whole suspension was kept in an ultrasonic bath for 2 hours.
Inkjet printing was carried out with an Epson Stylus D92 inkjet printer modified to work as a flatbed printer. Silver nanoink prepared as described was printed on paper or plastic substrates at room temperature. Line patterns of different length and width were printed for conductivity tests.
RESULTS AND DISCUSSION
Electroanalytical response of the glassy carbon electrode in silver solution
In this work, we evaluated the use of cyclic voltammetry with a glassy carbon electrode for monitoring the synthetic reaction between silver and hydrazine. Figure 1 shows the cyclic voltammograms obtained with a glassy carbon electrode in a Britton-Robinson (BR) buffer solution at pH = 10.00 and with addition of silver nitrate at a scan rate of 50 mV/s. It is evident that in the whole range of tested potentials, no response was noted in the buffer solution (curve 4). In the solutions containing silver nitrate, anodic peaks are observed (peaks 1, 2, 3) at potentials approximately 300 mV. The corresponding cathodic peaks are observed at potentials lower than 50 mV. The higher anodic current responses are obtained in solutions with higher silver concentrations. The relationship between the peak currents and silver ion concentration can be described as:
I p / μA = (0.400 ± 0.187) + (0.022 ± 0.001) × c (Ag + ); R 2 = 0.997.
The cyclic voltammetric response obtained with the GC electrode in the BR buffer solution pH = 10.00, silver nitrate and hydrazine solutions are shown in Figure 2 .
It can be seen that the oxidation processes of hydrazine on a glassy carbon electrode starts at a much higher potential and has no influence on silver detection. The presented results demonstrate the applicability of a glassy carbon electrode as a sensor for the detection of equivalence points in the redox reaction between silver and hydrazine.
Nanosilver preparation from silver oxide and hydrazine was performed by hydrazine addition in intervals lasting 20 seconds using a peristaltic pump. Near the equivalence point the pump was stopped, and the unreacted silver concentration was determined. The CVs recorded during synthesis are presented in Figure 3 . The first recorded CV (1) shows the existence of some unreacted silver, while the others (2-5) show a subsequent current decrease as a result of hydrazine addition to the reaction mixture. Continual addition of hydrazine causes a further decrease in the current response. Finally, when the equivalence point was reached, the current response became the same as obtained in the primary buffer solution.
Hydrazine is a highly toxic, reactive and explosive chemical [51] , but it is still a widely used reduction agent in metal nanoparticle synthesis. While nanosilver syntheses using nontoxic reducing agents and stabilizing factors have been presented [52] , our approach ensures a complete reaction and avoids the potential hazards of releasing either of the excess reactants into the ecosystem.
Electrochemical characterization of AgNPs stabilized by PAA
PAA stabilized AgNP samples obtained after the reaction with hydrazine were characterized by cyclic voltammetry and UV-Vis measurements. Figure 4 shows recorded CVs of the PAA stabilized Ag nanograins prepared in solutions of different pH. PAA adsorbed on AgNP surface behaves as a weak acid and was totally deprotonated in the alkaline medium. Fully deprotonated PAA adsorbed on AgNP surface generates a negative surface charge, which influences the coulombic repulsion force between nanograins. The efficiency of the electrostatic stabilization depends on the acid dissociation rate. Therefore, to study the effect of pH on the stability of the AgNPs, hydrodynamic CVs were recorded in the pH range between pH = 10.00 and pH = 4.50. CVs recorded from pH = 10.00 to pH = 6.00 are shown in Figure 4 . Recording CVs started at a negative potential. At negative potentials and high pH values, the repulsion force between the polarized electrode and negatively charged AgNPs results in minor current responses (curve 1). However, at lower pH values the PAA dissociation rate decreases, which reduces the repulsion force between the electrode and nanograins. Higher current responses are obtained from the CVs. The maximum anodic current is observed at pH = 6 (curve 6). At pH = 5.00, all of the PAA is fully protonated, and the silver nanograins become partially precipitated. This behavior results in a significant decrease in the current response below pH = 6.00. Figure 5 shows the results of the highest peak current vs pH. The current intensity depends on the nanosilver concentration, the quantity of adsorbed PAA stabilizer, and pH. The presented curve can be used for surface bound PAA constant dissociation rate determination. The first derivative of the data ( Figure 5 inlay) indicates the function trough at pH = 6.40, which generates the pK a value of the polyelectrolyte. This calculated value of the adsorbed PAA dissociation constant shows a difference from data obtained for acrylic acid monomers in aqueous solution (pK a = 4.50) [53] , but it is in good agreement for the aqueous polymer solution (pK a = 6.50) [54] . This result also confirmed that precipitation by acetic acid was efficient and did not influence the properties of the adsorbed PAA. It is necessary to use protective agents to stabilize the metal nanoparticles during their preparation procedure. CV can confirm the existence of PAA on the nanometal surface, but the protective efficiency in the ink formulation must be additionally confirmed by zeta potential measurements.
Optical characterization of AgNPs stabilized by PAA
Within the silver nanoparticles, the conduction and valence band overlap, and electrons move easily. After electrons interact with light, the free electrons become distributed into a surface plasmon resonance (SPR) absorption band. This absorption strongly depends on the size, shape and degree of particle agglomeration. Experimentally and theoretically, it has been discovered that when size decreases, the SPR peak shifts toward shorter wavelengths. It was also found that as the nanoparticle size increases, the absorption spectra become less intense and wide-ranging [55] . Figure 6 shows the UV-Vis absorption spectrum of the PAA stabilized AgNP sample, recorded before precipitation. The absorption peak of the pale yellow silver colloids was in the visible range with a maximum at 417 nm. This finding indicates the presence of spherical AgNPs in the specimen, which was also confirmed by TEM imaging. The spectrum has a symmetrical shape, which is characteristic for narrow particle-size distributions. The stability of the prepared ink with silver content (w = 25%) was tested over the course of 7 months. Figure 7 shows the UV-Vis spectra recorded during the seven month testing period. It is evident from Figure 7 that the absorption peak remains at the same wavelength during the testing period, and it is in accordance with the SPR absorption maximum presented in the previous Figure. The UV-Vis spectra show a symmetrical shape with a narrow absorption peak. The slight reduction in the peak absorption intensity is caused by the adsorption of the nanoscale silver on the glass wall of the vial that the ink was kept in. The particle shape and size distribution were investigated by DLS ( Figure 8 ) and TEM ( Figure  9 ). It is evident from the particle size histogram that in the tested sample a large number of small AgNPs are present at diameters between 1.6 and 3.2 nm. The AgNPs synthesized according to this procedure are much smaller than the AgNPs intended for inkjet printing found in the literature [47, 50, 56] . Despite their small size, the tendency of the particles in the conductive ink to form agglomerates can cause clogging of printer nozzles [57] . Therefore, the stability of the PAA-AgNP conductive ink has been determined by a measurement of the electrokinetic potential. The zeta potential analysis can give the tendency of the particles to agglomerate or to precipitate. The measured value of the zeta potential was -52.83 ± 1.29 mV, suggesting suitable ink stability. Figure 9 represents a TEM image of the prepared material, which indicates that the AgNPs have some agglomerates of spherical shape. However, such small agglomerate sizes do not affect quality of printed patterns.
TEM, DLS and zeta-potential analysis
Resistivity of printed features
Using the conductive ink, a silver electrode ( Figure 10 ) was printed on a flexible substrate and then sintered at 105 C for 20 minutes. The next step involved measuring the resistance of the electrode line at room temperature using a four point technique. The line thickness (h) needed for the resistivity calculations was measured by means of an SEM (scanning electron microscope) crosssection image (Figure 11 ). Figure 11 . SEM cross-section image of the printed silver track on a flexible plastic substrate after sintering. The resistivity was calculated using the equation: ρ = (R×b×h) / l [58] , where R is the resistance, b is the width of the printed Ag line, h is the thickness, and l is the line length. Thickness (h) was determined as the average value of thickness measurements using the SEM cross-section image performed at ten different places. The calculated value for resistivity of the prepared ink was 8.0 × 10 -8 Ωm, approximately 4.76 time greater than that of bulk silver (1.68 × 10 -8 Ωm) [59] .
CONCLUSION
The method we described was based on the chemical reduction of silver nitrate using hydrazine monohydrate as a reducing agent. The size and stability of the obtained silver nanoparticles was coordinated by the existence of poly(acrylic acid). The obtained silver nanoparticles were an order of magnitude smaller than the AgNPs for printing applications found in the literature. The silver nitrate concentration was controlled during nanosilver preparation by cyclic voltammetry, not only to obtain a large amount of nanosilver as a product of the chemical reaction but also as a means of environmental protection from silver ion bioinfluence. Hydrazine hydrate, which is used in the chemical reduction process for the preparation of nanosilver, can also cause damage to aquatic systems. Cyclic voltammetry can be successfully applied for concentration control of both used reactants. The majority of the wet nanosilver syntheses described to date provide a stable dispersion of metal nanoparticles prepared from highly diluted solutions, which is not suitable for large scale production. The synthesis we described is based on using concentrated solutions.
According to the literature, nanosilver precipitation has been mainly done by centrifugation or by the addition of large amounts of alcohol (methanol, ethanol, propanol) or acetone. The preparation of silver nanopowder precipitated by acetic acid was successfully applied in this work. The dispersion of AgNPs containing a metal content of w(Ag) = 25% was stable during the seven months of testing. The applicability of the prepared ink was confirmed by printing different shapes and functional electrodes using an inkjet printer.
